Introduction {#sec1-1}
============

Human respiratory syncytial virus (RSV) is a major cause of severe lower respiratory tract infection in premature and high-risk infants, immunocompromised patients and the elderly ([@r3]). Premature infants and infants with chronic lung or congenital heart diseases are considered high-risk groups for the development of an RSV infection requiring hospitalization ([@r14]). Effective RSV vaccines are not available, but a humanized anti-RSV mAb, palivizumab, has been approved for use in the USA since 1998 ([@r9]). The non-specific antiviral guanosine analogue ribavirin has been used to treat RSV infections; however, concerns raised over its side-effects and efficacy highlight the need for alternate therapeutics ([@r13]; [@r26]).

RSV is a member of the family *Paramyxoviridae* comprising negative-strand RNA viruses. It is composed of a host-membrane-derived envelope that must attach and fuse with the plasma membrane of the host cell to deliver the viral genetic material. The RSV-encoded attachment (G) protein, fusion (F) protein and small hydrophobic (SH) protein are located in the RSV envelope. The F protein appears to be the most important viral envelope protein for viral infection, as it is capable of mediating attachment and fusion in the absence of the G and SH proteins ([@r11]; [@r30]). Upon attachment, RSV F protein is activated by currently unidentified mechanism(s). The activation triggers dramatic conformation changes in the F protein, which allow the fusion peptide of the F protein to be inserted into the plasma membrane of a target cell, resulting in membrane merger and stable fusion pore formation ([@r15]; [@r24]; [@r36], [@r37]). RSV F protein is also expressed on the plasma membrane of infected cells and mediates cell-to-cell fusion, resulting in multinucleate syncytium formation ([@r12]; [@r18]). Efficient RSV infection appears to involve cell-surface glycosaminoglycans ([@r5]), and it was reported recently that nucleolin may act as a receptor for RSV ([@r29]); however, the host receptor(s) that mediate the cell-to-cell fusion and the formation of syncytia remain unknown. Syncytia are found in autopsy samples from fatal RSV infections, but the interstitial inflammation and airway obstruction from epithelial sloughing are the most prominent histopathological features ([@r10]; [@r19]).

Aspects of RSV infection have been studied extensively in in-bred mice with the use of targeted gene deficiencies. However, RSV is not a natural pathogen of mice and they are relatively resistant to human strains of RSV ([@r1]). The course of infection and the host response differ from humans in several respects. High titres of virus are necessary to infect mice, the tissue pathology is mild, and the location and composition of the inflammatory cell infiltrate differ significantly. RSV infection of premature lambs more closely resembles the infection of premature infants, with a similar inflammatory response with some histological evidence of epithelial hyperplasia and syncytia, although the actual symptoms of lower respiratory tract infection are minimal ([@r16]; [@r20]; [@r28]). Infection of cattle with bovine RSV, rather than human RSV, may cause a significant lower respiratory infection but this is often associated with bacterial superinfections, which are extremely uncommon in human infants with RSV infection. Recently, RSV A2 infection of infant baboons was shown to closely parallel the clinical changes, including tachypnea and hypoxia, and pathological features in human infants ([@r21]). RSV antigen was detected in bronchial epithelium and the alveolar interstitium. The infection appeared to originate in the ciliated bronchial epithelial cells and then spread to the interstitium over the first few days of infection. RSV infection caused fusion of epithelial cells into characteristic syncytia, sloughing of the bronchial epithelium and, in combination with inflammatory infiltrates, obstruction of the bronchioles ([@r21]).

*In vitro*, RSV infections of well-differentiated bronchial epithelial cultures have not necessarily recapitulated *in vivo* observations. [@r38] examined the RSV infection of adult bronchial cells and reported that RSV infection was restricted to the ciliated bronchial columnar epithelial cells and that the virus failed to induce any significant cytopathology over a 3 month period. The authors indicated that the host immune response must drive the tissue pathology *in vivo*. In contrast, a similar study reported complete inhibition of ciliary function in 2 h, syncytia formation from 24 h, epithelial sloughing, and complete depletion of ciliated cells by 3--5 days ([@r31]). More recently, RSV infection of well-differentiated paediatric bronchial epithelial cultures also caused syncytia formation and apical cell sloughing ([@r33]). Considering these *in vitro* data and the differential consequences of RSV infection between healthy adults and susceptible groups, factors besides the host immune response are likely to influence the tissue pathology of RSV infection.

The receptor for advanced glycation end products (RAGE) is a type I transmembrane pattern-recognition receptor that binds a diverse set of endogenous ligands and regulates an array of inflammatory processes ([@r27]). RAGE is expressed at low levels on multiple cell types and is increased in the bronchial epithelium, airway smooth muscle and alveolar macrophages of smokers and chronic obstructive pulmonary disease patients, and is expressed constitutively at very high levels by type I pneumocysts ([@r2]; [@r4]; [@r25]). Proteolytic cleavage proximal to the membrane and splice variants can generate soluble RAGE which can act as a decoy receptor ([@r23]; [@r35]). Soluble RAGE is released into the airway lumen during RSV infection and lung injury ([@r2]; [@r17]; [@r32]).

As RAGE is expressed at very high levels in the lower airways and has been demonstrated to mediate a variety of protective and pro-inflammatory cellular responses ([@r27]), we tested the hypothesis that RAGE may influence RSV infection. Initial experiments indicated that RAGE had a profound effect on RSV-infected cells, and a series of *in vitro* experiments described here examined the role of RAGE at different stages of RSV infection.

Results and Discussion {#sec1-2}
======================

Understanding the role of RAGE in the lung has been hindered because primary alveolar pneumocytes and epithelial cell lines are either difficult to culture or fail to express physiological levels of RAGE *in vitro* ([@r25]). To investigate a potential role for RAGE in human RSV infection, we therefore used human HEK293 cells, which are amenable to transfection and susceptible to RSV infection and syncytium formation. Full-length RAGE was stably transfected into HEK293 cells (HEK-RAGE), and surface expression was confirmed with an anti-RAGE antibody ([Fig. 1a](#f1){ref-type="fig"}). We initially determined whether RAGE interfered with the attachment and entry of RSV A2. Shortly after RSV infection, F protein is produced and expressed on the cell surface, and F-protein-specific antibodies can be used to detect infected cells ([@r7]). At 16 h post-infection (p.i.), the level of F-protein expression increased in proportion to the m.o.i. of live virus ([Fig. 1b](#f1){ref-type="fig"}). No F protein was expressed on cells challenged with UV-irradiated virus ([Fig. 1c](#f1){ref-type="fig"}), demonstrating that infection by live viral particles is necessary for the cell-surface expression of the F protein. However, there was no difference in the levels of F-protein expression between the HEK and HEK-RAGE cells following RSV infection ([Fig. 1b](#f1){ref-type="fig"}), and pre-treating HEK cells with soluble RAGE before infection also failed to alter F-protein expression ([Fig. 1d](#f1){ref-type="fig"}). These data indicated that RAGE does not impact on the initial attachment and infection of cells by RSV, or the capacity of the infected cell to generate F protein.

![RAGE fails to block F protein-mediated RSV infection. (a) Expression of RAGE on parental HEK and HEK-RAGE cells. Ab, anti-RAGE antibody. (b--d) RSV infection of HEK and HEK-RAGE cells assessed by measuring membrane expression of the F protein by flow cytometry after 16 h. (b) HEK-RAGE cells without viral infection (grey shading), and HEK-RAGE (grey line) or HEK (black line) cells infected with live virus at the indicated m.o.i. (c) HEK-RAGE cells without viral infection (grey shading), and HEK-RAGE (grey line) or HEK (black line) cells infected with UV-irradiated (UV irr) virus at an m.o.i. of 0.5. (d) Parental HEK cells without virus (grey shading), and HEK cells infected with live RSV virus (black line) or with live virus and 300 nM soluble RAGE-Fc (sRAGE) (dotted line).](049254-f1){#f1}

However, after 24 h in culture with live RSV A2 virus, it was readily apparent that the HEK-RAGE cells had a clear survival advantage over the parental HEK cells. Cell viability was assessed by total ATP levels over a range of viral doses at 24, 48 and 72 h p.i. ([Fig. 2a](#f2){ref-type="fig"}). ATP levels of the HEK and HEK-RAGE cells were comparable to those of uninfected cells after 24 h. By 48 h, there was a clear dose-dependent reduction in ATP levels in the HEK cell culture, and at 72 h p.i. with an m.o.i. of 1 or more, there was at least an 80 % reduction in ATP levels, indicating that most cells were dying or dead. In contrast, the ATP levels of the HEK-RAGE cells were not significantly affected at 48 h, and a notable decrease was only detected at the highest m.o.i. at 72 h ([Fig. 2a](#f2){ref-type="fig"}). Viable cell counts recovered from the cultures also demonstrate that RAGE significantly protected the HEK cells from RSV-induced cell death ([Fig. 2b](#f2){ref-type="fig"}). To determine whether cellular expression of RAGE was necessary for resistance to RSV-induced cell death, we examined the effects of soluble RAGE. HEK cells were pre-treated with anti-RSV F protein (palivizumab) or RAGE-Fc (RAGE expressed as a fusion protein with human Fc), infected with RSV at an m.o.i. of 1 and the ATP levels were assessed after 48 h. In line with previous studies that have shown that anti-RSV F protein inhibits RSV infection and F-protein-mediated syncytium formation ([@r8]), anti-F protein efficiently protected the HEK cells from RSV-induced cell death ([Fig. 2c](#f2){ref-type="fig"}). Interestingly, soluble RAGE-Fc also provided significant protection, blocking \~50 % of the reduction in ATP levels mediated by the RSV infection ([Fig. 2c](#f2){ref-type="fig"}). These data indicated that cellular expression of RAGE is not necessarily required to inhibit RSV-induced cell death. Moreover, as membrane and soluble expression of RAGE failed to impede the initial infection, transcription and generation of the F protein ([Fig. 1b, d](#f1){ref-type="fig"}), these data indicated that RAGE influences a later stage of viral infection.

![RAGE protects cells from RSV-induced cell death. (a) Parental HEK or HEK-RAGE cells were seeded at 1×10^4^ cells in a 96-well culture plate and incubated alone or with an increasing dose of virus ranging from an m.o.i. of 0.06250 to 2 (i.e. 625 to 2×10^4^ viral particles). ATP units were expressed relative to the uninfected cell cultures for HEK cells (grey symbols) and HEK-RAGE cells (black symbols) at 24 h (squares), 48 h (circles) and 72 h (triangles). Parametric *t*-tests were used to determine the m.o.i. at which RSV significantly impacted the viability of HEK and HEK-RAGE cells. \*\**P*\<0.01; \*\*\* *P*\<0.001. (b) Live cell counts for RSV-infected (m.o.i. = 1) HEK cells (grey inverted triangle) and HEK-RAGE (black triangle) after 24, 48 and 72 h. Live cell counts were expressed relative to uninfected cells at the given time point. Curves of lines were generated by linear regression, and the slopes were significantly different (*P*\<0.0001). (c) HEK cells were untreated (open triangle) or pre-treated with control IgG (open circle), anti-F protein antibody (Ab) (black diamond) or soluble RAGE-Fc (black triangle) and infected with RSV at the indicated m.o.i., and ATP levels were measured at 48 h. ATP units were expressed relative to uninfected HEK cells. Parametric *t*-tests were used to determine whether the treatment significantly improved the viability of HEKs when compared with the controls. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.](049254-f2){#f2}

A feature of severe lower respiratory infections with RSV is fusion of cells and the formation of multinucleate syncytia (which is also mediated by the F protein), and cell sloughing. Syncytia are also associated with increased viral titres and may enable the transfer of viral particles between neighbouring cells in a manner that limits exposure of the virus to the host immune system. To determine whether RAGE impacted the generation of syncytia, parental HEK and HEK-RAGE cells were infected with RSV and examined by light and confocal microscopy. In the first 24 h following RSV infection, no obvious syncytia were detectable, but by 48 h p.i. multinucleate syncytia were readily observed in the parental HEK cultures ([Fig. 3](#f3){ref-type="fig"}). Using light microscopy, the syncytia were be identified by the large lesions with poor cellular definition (compare [Fig. 3a--c](#f3){ref-type="fig"} with [Fig. 3d, e](#f3){ref-type="fig"}). In contrast, such lesions were not apparent in the RSV-infected HEK-RAGE cultures ([Fig. 3f](#f3){ref-type="fig"}). Confocal microscopy was used to confirm the cell fusion and multinucleate nature of the lesions and the protection afforded by the expression of RAGE using either cell membrane and nuclei staining ([Fig. 3g--i](#f3){ref-type="fig"}) or F-protein and nuclei staining ([Fig. 3j--l](#f3){ref-type="fig"}). By 72 h p.i., the HEK cultures largely lacked cellular integrity, and this was associated with substantial sloughing, which was consistent with the significant reductions in ATP levels and the reduced proportion of live cells recovered from cultures at this time point ([Fig. 2a, b](#f2){ref-type="fig"}).

![RAGE inhibits RSV-induced syncytium formation. HEK and HEK-RAGE cell cultures were infected with live RSV (m.o.i. = 1) for 48 h as indicated and photographed. Light micrograghs (a--f) were taken at 10× magnification and syncytia are indicated with black arrows; the boxed regions in (a) and (d) are enlarged in (b) and (e), respectively. Confocal images (g--l) were taken at 40× magnification and syncytia are indicated with white arrows. Cells were visualized with a membrane stain (red; g--i), Alexa Fluor 488-labelled anti-F protein antibody (green) (j--l) and Hoechst 34580 nuclei staining (blue) (g--l). The boxes in (g) and (j) are enlarged to show increased detail in (h) and (k), respectively. Bars, 100 µM (g--l).](049254-f3){#f3}

To demonstrate further that RAGE could interfere with F-protein mediated syncytium formation, we utilized a virus-free tetracycline-inducible F-protein-expressing cell line, TRex-F, which was developed previously to specifically examine syncytium formation ([@r8]). Full-length RAGE was transiently transfected into TRex-F cells and expression was confirmed by FACS ([Fig. 4a](#f4){ref-type="fig"}). TRex-F cells expressed F protein as early as 3 h after tetracycline treatment. Expression of RAGE did not alter the levels of F protein ([Fig. 4b](#f4){ref-type="fig"}). Consistent with previous data describing this model system ([@r8]), small syncytia were observed 48 h after the induction of F protein, and extensive syncytia were apparent by 72 h ([Fig. 4c](#f4){ref-type="fig"}). In contrast, syncytia were virtually absent in RAGE-transfected TRex-F cells 72 h after F-protein induction ([Fig. 4c](#f4){ref-type="fig"}). Quantification of the size and number of syncytia by microscopy is quite challenging, so we adopted a previously developed FACS-based approach to quantify early fusion events ([@r8]). F-protein expression was induced in a mixture of GFP and red fluorescent protein (RFP)-expressing TRex-F cells and the frequency of fusion events between red and green cells was determined. Two days after induction of F protein, double-positive fusion events represented \~10 % of the cells and these fusion events were inhibited by anti-RSV F-protein antibody or RAGE-Fc to background levels ([Fig. 4d](#f4){ref-type="fig"}).

![RAGE inhibits F-mediated syncytium formation in a virus-free system. RSV F-protein-mediated syncytium formation was demonstrated in a virus-free F-protein-expressing cell line, TRex-F. (a) TRex-F cells were transiently transfected with human RAGE or control vector and RAGE expression was confirmed by FACS. (b, c) RSV F-protein levels were determined by FACS 24 h after F protein was induced with tetracycline (b), and 48 and 72 h after induction of F protein, the occurrence of syncytia (indicated by arrows) was examined by light microscopy (c). (d) Transiently transfected RFP and GFP TRex-F cells were mixed (1 : 1 ratio) and incubated without or with tetracycline alone or in the presence of control antibody (Con Ab; 600 nM), anti-RSV F-protein antibody (60 nM) or RAGE-Fc (600 nM), and double-positive fusion events were examined after 48 h by FACS.](049254-f4){#f4}

As indicated previously, syncytia are apparent at \~48 h after infection, which generally precedes the cell sloughing and viral titres that are notable at 72 h. To determine whether the RAGE-dependent inhibition of syncytia was associated with a reduction in viral production, we examined the number of infectious particles recovered from the supernatants at 72 h p.i. Supernatants harvested from HEK cultures had significantly higher viral titres than HEK-RAGE cultures at all viral doses up to an m.o.i. of 0.25 when the viral titres had more or less plateaued ([Fig. 5a](#f5){ref-type="fig"}). At higher viral doses, the titres declined for the HEK culture, although this was probably influenced by the substantial reduction in cell survival of the HEK cultures at these viral doses at 48 and 72 h p.i. ([Fig. 2a, b](#f2){ref-type="fig"}).

![RAGE reduces viral titres but does not appear to impact virus replication or budding during the early stages of infection. (a) To assess viral propagation, 2.5×10^4^ HEK or HEK-RAGE cells were infected with RSV at the indicated m.o.i. After 2 h, cells were washed to remove the inoculum and at 72 h p.i. and the number of infectious particles recovered from culture supernatants was determined by plaque assay. Parametric *t*-tests were used to determine whether the viral titres between the HEK and HEK-RAGE cells differed significantly. \*\**P*\<0.01. (b, c) RSV replication and the release of viral particles (budding) into the supernatants was determined with PCR assays. (b) Levels of genomic RSV SH-G were used to assess the levels of viral particles. Results indicated by 'Cells only' had an RSV SH--G *C*~t~ value of 45 for both HEK and HEK-RAGE. (c) To control for viral particles associated with sloughing cells into the supernatants, the levels of GAPDH were also determined. RSV SH--G and GAPDH levels are represented as the *C*~t~ values for HEK (grey inverted triangles) and HEK-RAGE (black triangles) cells assessed at the 0, 24, 48 and 54 h time points, along with ribavain (inhibitor of virus replication) and cells-only and virus-only controls.](049254-f5){#f5}

So far, the data indicated that RAGE inhibits RSV-induced syncytium formation, cell death and associated viral release. The impact of soluble RAGE on cell survival and syncytium formation indicated that RAGE expression by the host cell is not necessary to facilitate its effects. However, it does not preclude the possibility that intrinsic expression of RAGE may also alter virus replication and budding. To investigate this possibility, the levels of viral genomes liberated from cultures were examined over time using an RSV SH--G gene PCR assay ([@r8]). A decrease in the cycle threshold (*C*~t~) over time corresponds to an increase in the viral genomes detected in the culture supernatants when compared with cells exposed to ribavirin, which inhibits virus replication. At the early 24 and 48 h p.i. time points, there was no apparent difference in the viral genomes released from the HEK and HEK-RAGE cultures ([Fig. 5b](#f5){ref-type="fig"}). By 54 h p.i., there was a trend towards an increase in the amount of virus detected in the HEK supernatants, which was consistent with increased syncytia and cell sloughing and an increase in the mammalian glyceraldehyde 3-phosphate dehydrogenase (GAPDH) transcripts detected at these time points ([Fig. 5c](#f5){ref-type="fig"}). These data indicated that RAGE does not appear to influence virus replication and budding during the early stages of infection; rather, RAGE appears to impact directly on syncytium formation, cell viability and cell sloughing, which in turn affect viral titres. However, it is plausible that expression of RAGE may also increase the tolerance of cells to RSV infection, and this may also influence cell survival, syncytium formation and cell sloughing.

As soluble and membrane-expressed forms of RAGE could impede the formation of syncytia, we investigated the possibility that RAGE directly interacts with RSV F protein. Confocal examination HEK-RAGE-CFP (cyan fluorescent protein) cells demonstrated that RAGE is expressed predominantly at the contact points between cells ([Fig. 6a](#f6){ref-type="fig"}), which is consistent with its capacity to block F protein-mediated syncytium formation. Moreover, using an AlphaScreen assay, we demonstrated that full-length extracellular RAGE, which includes the V/C1 and C2 domains, could interact directly with recombinant RSV F protein ([Fig. 6b](#f6){ref-type="fig"}). The high concentrations of F protein necessary to generate a signal indicated that this is a low affinity interaction, but the remarkably high expression levels of RAGE on the lower airway epithelial cells would suggest that it may be a physiologically relevant interaction. Using truncated variants of the RAGE extracellular region, we determined that the binding was mediated primarily by the V/C1 domains ([Fig. 6b](#f6){ref-type="fig"}). This region is crucial for binding a diverse range of ligands, and the interactions involve a combination of structural motifs and exposed positively charged residues ([@r22]). Further experimentation would be necessary to confirm and detail the fine specificities between RSV F protein and RAGE, and whether these findings extend to closely related viruses. However, preliminary data indicated that RAGE expression had no significant effect on the viability of HEK293 cells infected with two other enveloped respiratory viruses, influenza and human metapneumovirus (HMPV) ([Fig. 6c](#f6){ref-type="fig"}), suggesting that, at least in this case, RAGE may not be able to interfere with the consequences of influenza or HMPV infection.

![RAGE is associated with cell-to-cell contacts and interacts with RSV F protein but does not impact the survival of influenza virus or human metapneumovirus (HMPV)-infected cells. (a) Confocal microscopy of HEK-RAGE-CFP. (B) Binding of the extracellular region of human RAGE to RSV F protein was assessed by an AlphaScreen assay. Recombinant RSV F protein, histidine-tagged control protein, full-length extracellular RAGE (left panel) or truncated V-C1 (aa 1--258) or C2 (aa 234--342) domains of extracellular RAGE (right panel) and anti-RSV F-protein antibody (anti-F) were pre-incubated for 30 min and then nickel-labelled donor beads and protein A-labelled acceptor beads were added for 10 min, and excitation was measured on a Wallac EnVision instrument. (c) HEK (grey inverted triangles) and HEK-RAGE (black triangles) cells were seeded and infected with influenza virus or HMPV, and ATP levels were measured after 72 h. Units are expressed relative to uninfected cell cultures.](049254-f6){#f6}

Together, these *in vitro* data indicated that soluble and membrane-expressed RAGE promote the survival of RSV-infected cells and inhibit syncytia and cell sloughing, and probably as a consequence reduce viral titres, and these effects may be mediated by a direct interaction between RAGE and RSV F protein. Rather than blocking the initial interaction and entry of viral particles into target cells, evidence from both viral infection and virus-free inducible F-protein systems indicate that RAGE interferes with F-protein-mediated cell-to-cell fusion and the formation of syncytia. Interestingly, RSV F protein is important for both viral attachment and cell-to-cell fusion, but RAGE only appears to be able to impact the later. It is not clear why this is the case. Biochemical data indicate that RAGE can directly interact with the F protein, so it was conceivable that RAGE, like anti-F protein antibody, may influence both processes. Fine mapping of the interactions may provide further insight. Previous characterization of type I lung epithelial cells indicates that RAGE appears to be expressed predominantly on the basal membrane and where membranes juxtapose rather than on the apical membrane ([@r25]). Confocal microscopy of HEK-RAGE cells also shows a similar membrane distribution so it is plausible that RAGE would fail to inhibit infection of apical membranes but block cell-to-cell fusion. However, this explanation seems unlikely, as soluble RAGE was able to block cell-to-cell fusion but was also unable to impact on initial infection. The factors that differentially influence these F-protein-mediated functions are largely unknown. RAGE appears to specifically impact F-protein-mediated syncytium formation.

It remains uncertain whether RAGE inhibition of syncytium formation is the sole element responsible for the reduction in RSV titres and the survival advantage of infected cells. It is plausible that expression of RAGE may independently promote the survival of virally infected cells in addition to blocking syncytium formation, or these events could be intimately linked. It could be similarly argued that RAGE could inhibit the generation of viral particles independently of the blockade of syncytia; however, prior to the formation of syncytia, the generation and release of viral particles does not appear to be influenced by RAGE. It therefore appears that prevention of cell-to-cell fusion and subsequent cellular sloughing may be the critical aspect. Nevertheless, the mechanism by which RAGE promotes survival and inhibits syncytium formation warrants further investigation.

A recent study demonstrated that RSV causes syncytium formation, apical sloughing and apoptosis of well-differentiated paediatric bronchial epithelial cultures independently of an immune response ([@r33]). Studies examining the expression and RAGE and the impact of soluble RAGE on differentiated cell cultures from relevant clinical samples infected with RSV would be of significant value. The different effects of RSV infections on well-differentiated bronchial epithelial cultures derived from adults would suggest that factors probably associated with susceptible groups impact on the pathology and disease severity *in vitro* and *in vivo*. RAGE may be one such factor. It is certainly conceivable that differential RAGE expression in the lung may influence the sensitivity to a more severe RSV infection. There is indeed a precedent for differential RAGE expression in the terminal airways in the rat. RAGE is first detected during late embryonic development and expression gradually increases until after birth ([@r25]). Examination of the expression levels in infant and adult non-human primates would be informative, and assessment of RAGE expression in lambs would also be useful, as premature lambs are known to develop a more severe RSV infection with a greater prevalence of syncytia and increased tissue pathology compared with neonates ([@r16]).

RAGE is expressed at very high levels by type I pneumocystis, and soluble RAGE liberated by RSV infection can scavenge inflammatory mediators and perturb host inflammatory responses ([@r2]; [@r17]). The data presented here indicate that RAGE may also independently promote the survival of RSV-infected cells and inhibit the formation of syncytia and cell sloughing and limit viral spread. The combination of these mechanisms may provide protection from the potentially catastrophic consequences of severe lower respiratory tract RSV infection.

Methods {#sec1-3}
=======

 {#sec2-1}

### Reagents. {#sec3-1}

Full-length RAGE (GenBank accession no. NM_001136) was cloned into pcDNA3.1 and stably transfected into HEK293 cells. Cells were grown initially in antibiotic selection medium and sorted by FACS. HEK and HEK-RAGE cells were otherwise maintained without selection. Expression of cell-surface RAGE was checked periodically with anti-RAGE antibody clone 4F4 (MedImmune LLC) by flow cytometry. HEK293 cells stably transfected with full-length RAGE-CFP was a kind gift from Eicke Latz (University of Bonn). The generation of anti-RSV F-protein antibody (Medi-493, palivizumab) and of RSV F protein has been described previously ([@r9]; [@r34]).

### Cell-survival assays. {#sec3-2}

Parental HEK or HEK-RAGE cells were seeded at 1×10^4^ cells in a 96-well culture plate and incubated alone or with an increasing m.o.i. of virus. After 24, 48 and 72 h, cellular ATP levels were measured as an indirect assessment of cell-culture viability using a CellTiter-Glo assay (Promega). ATP units were expressed relative to uninfected cell cultures. In some experiments, cell cultures were treated with 300 nM soluble RAGE-Fc, 30 nM anti-RSV F protein (palivizumab) or 300 nM control IgG. Live cell counts were determined directly using a Vi-Cell XR (Beckman Coulter) using trypan blue without or with RSV infection (m.o.i. of 1) after 24, 48 and 72 h. Live cell counts were expressed relative to uninfected cells.

### RSV A2 virus propagation. {#sec3-3}

RSV A2 virus was cultivated in Hep2 cells. Cells were infected with virus at an m.o.i. of 0.1 in medium with 10 % FBS, and at 4--5 days p.i., viable virion particles were harvested from infected cultures by performing multiple freeze--thaw cycles on the infected cell pellet. The suspension was clarified by centrifugation and the supernatant containing infectious virions was stored at −80 °C. Titres were determined by plaque assay on Hep2 cells.

### Influenza virus propagation. {#sec3-4}

Viable 9--11-day-old embryonated eggs were infected with 100 µl 1 : 10 000-diluted influenza virus strain A/PR8/34 VR-95 D3 1000 viral stock and incubated for 72 h at 35 °C in an egg incubator. The eggs were then chilled at 4 °C overnight. The allantoic fluid containing virus was harvested, the haemagglutination titre was determined and 1 ml aliquots were frozen on dry ice and stored at −70 °C.

### HMPV virus propagation. {#sec3-5}

Vero cells were infected with HMPV 001 at an m.o.i. of 0.1 in OPTI-MEM medium and incubated at 37 °C for 2 h. The viral inoculum was then removed and the cell layer was covered with fresh OPTI-MEM medium, incubated at 37 °C and monitored daily by microscopy. The viral supernatants were harvested when \~60 % of the cells were dead/floating. Following a single freeze--thaw cycle, cellular debris was pelleted by centrifugation and viral supernatants were collected. The virus was stabilized in 1× SPG (74.62 g sucrose l^−1^, 0.517 g KH~2~PO~4~ l^−1^, 1.254 g K~2~HPO~4~ l^−1^, 1.01 g [l]{.smallcaps}-glutamic acid monosodium salt l^−1^) and stored in aliquots at −80 °C. The virus stock titre was determined by an F-protein-expression ELISA.

### AlphaScreen assay. {#sec3-6}

Binding of the extracellular region of human RAGE to RSV F protein was assessed using an AlphaScreen assay (Perkin Elmer). Histidine-tagged control protein, full-length extracellular RAGE or truncated variants of the RAGE extracellular domain, V-C1 (aa 1--258) or C2 (a 234--342) (all 100 nM), anti-RSV F-protein antibody (25 nM) and range of concentrations of recombinant RSV F protein were pre-incubated for 30 min. Nickel-labelled donor beads and protein A-labelled acceptor beads were then added for 10 min, and excitation was measured on a Wallac EnVision (Perkin Elmer) instrument.

### Light and confocal microscopy. {#sec3-7}

HEK and HEK-RAGE cells were seeded at 5×10^4^ cells per well (24-well culture plates) for light microscopy or 1×10^5^ poly-[l]{.smallcaps}-lysine-coated eight-well chamber slides for confocal microscopy, and infected with live RSV (m.o.i. = 1) and cultured for 48 or 72 h. Light micrographs were taken with a 10× objective. For confocal microscopy, RSV-infected cells were stained with Alexa Fluor 488-labelled anti-F antibody (0.5 µg ml^−1^; palivizumab) and Hoechst 34580, or with CellMask Deep Red plasma membrane stain (Life Technologies) and Hoechst 34580. Images were captured on a Leica SP5 confocal microscope using a 40× objective.

### Virus-free syncytia assays. {#sec3-8}

Virus-free syncytia assays using tetracycline-inducible TRex-F cells for qualitative and quantitative assessment of syncytia have been described previously ([@r8]). TRex-F cells were transiently transfected with human RAGE or control vector. At 24 h after transfection, tetracycline was added to induce the expression of F protein on the cell membrane. The formation of syncytia was assessed after 48 and 72 h by microscopy. To quantitatively assess syncytia, transiently transfected RFP and GFP TRex-F cells were mixed (1 : 1 ratio) and allowed to settle overnight, and then incubated without or with tetracycline alone or in the presence of control antibody (600 nM), anti-RSV F antibody (60 nM) or RAGE-Fc (600 nM), and double-positive fusion events were examined after 48 h by FACS.

### Budding assay. {#sec3-9}

Parental HEK and HEK-RAGE cells were infected at an m.o.i. of 1 with RSV A2 virus for 1 h and supernatants were replaced with fresh medium to remove unbound virus. Cells were then incubated for 24, 48 and 54 h and the supernatants were harvested. Ribavirin (100 µM), an inhibitor of RSV replication, and cell-only controls were also included and were harvested at 72 h. RNA extracts were prepared from 140 µl cell-culture supernatant using a QIAamp Viral RNA Mini kit (Qiagen). One-step quantitative reverse transcription-PCR was performed by using an AgPath ID One-Step RT-PCR kit (Applied Biosystems). RSV A2 primers covering a conserved region over the SH and G genes were used to amplify the viral genome and antigenome and GAPDH primers to amplify the mammalian housekeeping gene. The primers, FAM reporter probe and VIC reporter probe mix were obtained from Applied Biosystems. Amplification was performed on a 7900HT FAST RT-PCR system (Applied Biosystems) using the following thermocycling conditions: 30 min at 48 °C for reverse transcription, 10 min at 95 °C for polymerase activation, and then 45 cycles of 15 s at 95 °C and 1 min at 60 °C. Fluorescence was read at the combined annealing/extension step at 60 °C and recorded as *C*~t~ values.
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